Primary, activated and aerobically digested sludges from an industrial wastewater treatment plant were collected to investigate their adsorption characteristics towards Cu II through the use of batch experiments. Results show that the Cu II adsorption rate was fast and could be described by a modified Freundlich equation. The rate of adsorption decreased with increasing surface loading. It was observed that the pH value of the solution was the key factor affecting the adsorption characteristics. The Langmuir adsorption model described the equilibrium adsorption well. The sludge adsorption capacities of Cu II were in the range 17-59 mg/g and were affected by the ionic strength. Values of G 0 ranging from -7.24 to -7.65 kcal/ mol suggested that the adsorption is a physical process which is simultaneously enhanced by the electrostatic effect. The binding strength for Cu II adsorption was proposed as: digested sludge > secondary sludge > primary sludge.
INTRODUCTION
Unlike most organic pollutants, heavy metals are generally refractory and cannot be degraded or readily detoxified biologically. Many industrial wastewaters contain appreciable amounts of heavy metals that might endanger public health and the ecosystem if they are discharged into the receiving body without proper treatment. In Taiwan, the need for environmentally safe re-use and effective disposal methods has recently prompted attention on heavy metal-laden sludge, due to the increasing amount of sludge generated from industrial wastewater treatment plants (IWTP) . It is therefore necessary to understand the characteristics of metal binding associated with sludge as an essential towards finding an appropriate method for sludge re-use and disposal.
The principal forms of metal in sludge are normally soluble, associated with precipitates, coprecipitated with oxides, adsorbed and/or biological residues (Alibhai et al. 1985) . The identification of metal forms in the sludge may be divided into exchangeable, sorbed, organic carbonate, sulphide and residual fractions by sequential extraction procedures (Oake et al. 1984) . In terms of mobility following sludge disposal, the sulphide and residual fractions are generally recalcitrant towards acidic environments while exchangeable and sorbed-bound fractions are likely to be leached. It is of interest to know the metal-binding strength in relation to the fate of the metal following sludge disposal.
Studies have been conducted for decades on the parameters that affect the metal-binding levels in sludge as well as the modes describing their binding reactions (Alibhai et al. 1985; Nelson et al. 1981; Tien and Huang 1987; Mishra and Chaudhury 1996; Wang et al. 1998) . Mishra and Chaudhury *Author to whom all correspondence should be addressed. E-mail: chweng@isu.edu.tw. (1996) found that the adsorption of Zn on to waste biomass occurred via a two-step mechanism: a fast initial rate followed by a slow final rate. The fast rate may be due to the abundant organic functional groups present while progressively decreasing amounts of chelating agents result in a slower subsequent rate. Battistoni et al. (1993) reported that the sorption of heavy metals on to activated sludge was almost completed within 20-30 min. In a study of the fate of heavy metals in the activated sludge process, Nelson et al. (1981) have shown that adsorption occurred rapidly and nearly reached completion within the first hour of contact time. Kao et al. (1982) also found a twostep uptake kinetic reaction for Cd II associated with an adsorption process of a non-biological nature and incorporated intracellular uptake by the activated sludge. Later, Alibhai et al. (1985) also found a slight influence on metal uptake by an activate metabolic process, indicating that metal/surface ligand interaction was the predominant mechanism for heavy metal binding to the digested sludge. Although metal adsorption on sludge has been extensively investigated over the past few years, studies of the characteristics of Cu II adsorption by different types of sludge from IWTP are limited.
The objectives of the present work were to investigate the adsorption characteristics of Cu II on to gravity precipitated (primary), activated (secondary) and aerobically digested sludges from an IWTP. Studies of the factors affecting the adsorption process involved the effect of sludge type and Cu II concentration (in terms of surface loading) on the rate of adsorption. Since the pH value and ionic strength are the two most important factors influencing metal adsorption on to hydrous solids, these were also selected as the principal variables in any investigation of the variation of equilibrium adsorption. The results reported below should be helpful in understanding the fate of Cu II in the IWTP. The information should also provide important scope for prohibiting potentially Cu-laden sludge being generated from IWTPs.
MATERIALS AND METHODS

Sludge samples
The primary, secondary and aerobic digested sludge samples were collected from an IWTP in Kaohsiung County, Taiwan. This IWTP handles 10 000 metric tonne of wastewater per day and generates about 200 metric tonne of waste sludge monthly. The sludge samples were obtained from the primary clarifier of the neutralization/coagulation unit, the secondary clarifier of the extended aeration unit and the aerobically digested tank. The detention times of the activated sludge aeration basin and digested tank were 18.5 h and 15 d, respectively. In the sampling process, each sludge sample was collected from the sludge-withdrawing pipeline and allowed to settle in a 20 l container to gather concentrated solids for Cu II adsorption experiments. The concentrated sludge samples were then immediately refrigerated at 4ºC during transportation and storage.
The total solids (TS) of the primary, secondary and digested sludges were determined after heating the sludge samples in an oven at 103ºC for 1 d. The organic matter content of the sludge was determined as the mass loss after heating in a furnace at 400ºC for 4 h. Triplicate samples were used in all cases. The particle size of the sludge was measured by a particle size analyzer (Coulter-100, England). The specific surface areas of the sludge particulates were determined by the dye adsorption method (Smith and Coachley 1983) employing an anionic dye, viz. new Coccine Acid Red #18, manufactured by Koch-Light Laboratories Ltd. (Colnbrook, Bucks., England), as the adsorbate. Major heavy metal concentrations (Cr, Cu, Fe, Ni, Pb and Zn) in the sludge were determined by acid digestion using a 1:3 v/v ratio of concentrated HNO 3 and HCl. Metals in the solution were measured by means of an atomic absorption spectrophotometer (AA, Varian 200, USA). Triplicate samples were used in all cases.
The zeta potentials of the sludge particulates were determined using a zeta meter (Laser Zee 3.0, Pen Kem Inc., Bedford Hills, NY). Thus, 1 ml of a liquid sludge sample was added to two separate 500 ml deoxygenated water samples of a given ionic strength (1 × 10 -2 M NaClO 4 ). Each mixture was stirred for 15 min before measuring the zeta potential. While the suspension was being stirred, the initial pH was measured and recorded. The pH value was then adjusted by the addition of HClO 4 (0.1 M) or NaOH (0.1 M) to allow the range from 2.5 to 10.5 to be covered at approximately 0.5 pH increments. A 20 ml aliquot of the suspension was introduced into the chamber of the zeta meter and the mobility of the particles measured at the upper stationary layer of the chamber with the voltage fixed at 100 mV. The zeta potential was then determined at each adjusted pH value.
Kinetic Cu II adsorption experiments
Kinetic adsorption studies were carried out for 4 h in order to determine the effect of time on the adsorption process and to identify the adsorption reaction rate. A batch method was used throughout employing the following procedure. (1) Prepare a 1 l solution containing a Cu II concentration of 1.16 mg/l with a pre-selected constant strength of NaClO 4 (2 × 10 -3 M). (2) Adjust the pH of the solution to 5.0 with either HClO 4 (0.1 M) or NaOH (0.1 M) solution.
(3) Add a certain amount of liquid sludge sample (2 ml) to the solution and determine the TS concentration. (4) Agitate the mixed liquor vigorously with a magnetic stir bar. (5) Collect 10 ml samples of the mixed liquor at specific time intervals, e.g. 1 min, 2 min, 5 min, 10 min, 15 min, 20 min, 30 min, 45 min, 60 min, 120 min and 240 min. (6) Filter the mixed liquor through a 0.45 m filter paper (Supor-450, 25 mm, Gelman Sciences). (7) Measure the Cu II concentration of the filtrate using AA methods. The amount of Cu II adsorbed was determined as the difference in total soluble Cu II concentration between two consecutive time intervals during the course of adsorption.
Effect of pH on equilibrium Cu II adsorption experiments
The batch method was employed to obtain the Cu II adsorption characteristics as affected by solution pH which was regarded as a principal factor in the analysis of the adsorption process. The procedures used were as follows. (1) Prepare a 2 l sludge suspension with a pre-selected constant strength of NaClO 4 (2 × 10 -3 M) and determine the TS concentration. (2) Distribute 100 ml mixed liquor to a series of 125 ml polyethylene bottles. (3) Adjust the pH of the solution in each bottle to various values within the range 1.5-10.0. (4) Add a given amount of the CuClO 4 solution to the mixed liquor to attain a preselected Cu II concentration (1.33 mg/l). (5) Shake the bottles on a reciprocal shaker at 170 rev/min for 2 h, a time period adequate for reaching equilibrium adsorption on the basis of previous kinetic adsorption experiments. (6) At the end of mixing, record the final pH value of the mixed liquor. (7) Filter the mixed liquor through a 0.45 m filter paper to collect the supernatant. (8) Determine the residual Cu II concentration in the supernatant using AA methods as described previously. (9) Repeat steps (1) to (8) except for changing the NaClO 4 concentration to 1 × 10 -2 M and the Cu II concentration to 2.71 mg/l. A series of control samples without sludge in the mixed liquor was also studied to determine the effect of pH on Cu(OH) 2 precipitation.
Equilibrium Cu II adsorption isotherm experiments
The batch method was used to study the influence of ionic strength on the Cu II adsorption isotherms. The procedures employed were the same as those described in the section above except that three NaClO 4 concentrations (2 × 10 -3 M, 1 × 10 -2 M or 5 × 10 -2 M) were used in step (1) and the pH of the mixed liquor was adjusted to 5.2 in step (3). Table 1 lists the characteristics of the sludge samples studied. The digested sludge appeared to possess a greater specific surface area relative to the primary and secondary sludge samples. It should be noted that the digested sludge had a smaller particle size (15.3 m) than that of the primary sludge (23.5 m) and of the secondary sludge (25.0 m), and that normally the smaller the particle size, the higher the specific surface area. Comparison of the metal concentrations in the sludges shows that quantitative similarities existed among the various sludge samples. In general, the concentration order of metal content may be summarized as: Fe >> Zn > Pb Cu Cr >> Ni. Furthermore, the aerobically digested sludge contained a significantly higher metal concentration than the other two. By converting all the major metal concentrations in the sludge into equivalents per unit weight of sludge (mequiv/kg), the following order may be justified: digested (730 mequiv/ kg) > primary (567 mequiv/kg) > secondary (488 mequiv/kg).
RESULTS AND DISCUSSION
Characteristics of sludge samples
The results of the zeta potential measurements shown in Figure 1 indicate that (a) the pH zpc values of the primary, secondary and digested sludges were 2.8, 2.7 and 2.9, respectively, and (b) the surfaces of the sludges were negatively charged when the solution pH was greater than the zero point of charge (pH zpc ) value. Generally, organic matter has a rather lower pH zpc value relative to that of inorganic oxides. Since the organic matter was presumably the major component of the sludge and exhibited a marked effect on the pH zpc value, that of ca. 2.8 obtained in the present work is considered reasonable. Kinetic studies Figure 2 shows the effect of contact time on the amount of Cu II adsorbed by the various types of sludge at different initial Cu II concentrations. The results show that Cu II adsorption was very fast with equilibrium being attained within 2 h. Experimental studies showed that the time required to attain adsorption equilibrium appeared to be independent of the type of sludge employed and the surface loading. As shown in Figure 2 , the shape of the kinetic curves obtained in all the tests was asymptotic with the same kinetic profiles: an initial rapid adsorption followed by relative constant values consistent with the finding of Kao et al. (1982) . These workers interpreted the fast-stage adsorption primarily as being surface adsorption of a non-biological nature, while the slow stage involved incorporation into the intercellular substance. The significant amounts of Cu II adsorbed may be attributed to the sufficient availability of organic functional groups in all the sludges. Thus, on the surface of the biosolid, the various functional groups include membrane protein, lipids, phosphoryl, carboxy, sulphydryl and hydroxy, making the surface generally anionic. Most of the studies reported in the literature indicate that the amount of metal taken up during the slow adsorption stage is small relative to that in the fast adsorption stage. However, the uptake of metal in the slow stage should not be neglected in the case of long-term incubated activated sludges in which the metabolism is involved in metal uptake. This often results in an increase in the residual fraction of metal in the sludges. The kinetic adsorption data were analyzed using the empirical modified Freundlich equation as originally developed by Kuo and Lotse (1973) :
where q is the amount of Cu II adsorbed (mg/g), C 0 is the initial Cu II concentration (mg/l), t is the reaction time (min), k is the apparent rate constant [l/(g min)] and m is the Kuo-Lotse constant. The values of k and m were used empirically to evaluate the effect of sludge types and Cu surface loading on the adsorption process. The solid lines in Figure 2 show the best fit of equation (1) to the experimental data while Table 2 summarizes the values of k and m along with the correlation coefficients (r) for the various experiments. The high r values (all greater than 0.991) indicate that the data could be well fitted by the modified Freundlich equation. It will be noted that an increase in the surface loading led to a decrease in the adsorption rate. In other words, for a fixed sludge concentration, the adsorption rate increased with decreasing initial Cu II dosage. Thus, when the surface loading was increased from 5.2 mg/g to 9.8 mg/g, the values of k decreased from 7.6 l/(g min) to 6.2 l/(g min). On comparing the adsorption rates among the three sludges studied, it was found that when the ionic strength was 2 × 10 -3 M and the surface loading in the range 4.6-5.5 mg/g, the adsorption rates are in the order: digested [7.9 l/(g min)] > primary [7.6 l/(g min)] > secondary [6.7 l/(g min)]. Similar results, i.e., digested [6.5 l/(g min)] > primary [6.2 l/(g min)] > secondary [5.1 l/(g min)], were also observed when the surface loading was in the range 8.8-10.4 mg/g. As shown in Table 1 , the average particle sizes for primary, secondary and digested sludges were 23.5 m, 25.0 m and 15.3 m, respectively. It is likely that since the digested sludge possessed the smallest particle size and the larger specific surface area it resulted in having the highest reaction rate among the sludge samples studied.
Effect of pH on adsorption
Figures 3(a) and 4(a) show the 2-h equilibrium data for the quantities of metals adsorbed and leached as a function of solution pH. Under the experimental conditions, the negative values of the y-axis depicted in the figure are higher for the equilibrium Cu II concentrations than for the initial added Cu II concentration [1.33 mg/l and 2.71 mg/l for the experiments depicted in Figures 3(a) and 4(a), respectively]. The additional Cu II originated from the sludge itself. As shown in Table 1 , the total Cu II concentrations in the sludge before running the adsorption experiments were 9068 mg/kg, 9015 mg/kg and 12 598 mg/kg for the primary, secondary and digested sludge, respectively. The amounts of Cu II leached during the experiment were proportional to the total Cu II content of the sludge samples as estimated by wet extraction analysis.
When the ionic strength was increased from 2 × 10 -3 M to 1 × 10 -2 M, leaching of Cu II in appreciable amounts shifted from pH < 2.5 [ Figure 3 (a)] to ca. pH < 4.0 [ Figure 4(a) ]. On the basis of the experimental results shown in Figures 3 and 4 , it appears that the ionic strength is an important factor which affects both leaching and adsorption. Comparison of the results shown in these two figures indicates that greater Cu II removal occurred at lower ionic strength at the same pH value.
Because copper hydroxide precipitate, Cu(OH) 2 (s), is only found at pH > 6.0 [see the solid symbols in both Figures 3(a) and 4(a)], it was confirmed that the removal of Cu II by sludge at pH < 6.0 occurred mainly via adsorption. The adsorption increased abruptly in the pH range between 2.5 and 5.0 for a surface loading of ca. 15 mg/g [ Figure 3 (a)]. However, on increasing the surface loading to ca. 22 mg/g [ Figure 4 (a)], the abrupt increase in the adsorption was confined to the pH range 4.0-6.0. Clearly, the above results indicate that decreasing the surface loading tended to shift the adsorption edge to the acidic region. Table 4 . Conditions: temp. = 25ºC; I = 2 × 10 -3 M. Figures 3(a) and 4(a) , marked removal was observed in the neutral to alkaline region, with up to 100% of Cu II being removed at pH > 6.0 possibly because of the concurrent precipitation of Cu(OH) 2 (s) and adsorption. The removal of Cu II also increased abruptly in the pH range 2.5-6.0. Thus, the pH of the solution is clearly a key factor affecting the adsorption characteristics of Cu II on to sludges. The occurrence of this phenomenon could be attributed to the fact that both the surface acidity of the sludge and the hydrolysis of the Cu II ion species are very pH-dependent. Although the surface acidity of the sludge samples was not quantified experimentally in the present work, a negatively charged surface should be expected over the pH range investigated because of the low zero point of charge (pH zpc ca. 2.8) for the sludge particulates. Under normal conditions, low pH zpc adsorbents at the very least usually exhibit high binding affinities for positively charged ions. As shown in Figures 3(b) and 4(b) , in acidic to neutral conditions, the Cu 2+ ion would be the major adsorbed cationic copper species while the minor species would be CuOH + . On Smith and Martell (1977) . b Activity coefficients, , calculated from the Davies equation ( increasing the pH value, the sludge surface becomes more negatively charged and thus a more favourable electrostatic attraction would be expected with cationic copper ions with increasing pH. In consequence, the higher the pH employed, the larger the amount of copper adsorbed. It should be noted that the sharply increasing adsorption observed in the pH region 4.0-6.0 for I = 1 × 10 -2 M [ Figure 4 (a)] is close to the first Cu hydrolysis constant, log K 1 (6.48) (see Table 3 ).
As shown in
Equilibrium adsorption isotherms
The Langmuir adsorption isotherm can be used successfully for modelling the equilibrium data in a metal-surface complex system (or solid-liquid systems). The general form of the Langmuir equation is: Q m bC e q = -------
(2) 1 + bC e where q = adsorption density (mg/g), C e = equilibrium metal concentration (mg/l), Q m = saturation adsorption density (mg/g) and b = Langmuir adsorption constant (l/mg). The experimental equilibrium isotherms for the adsorption of Cu II on primary, secondary and digested sludges under different ionic strength conditions are depicted in Figure 5 and from these isotherms it is possible to determine the equilibrium adsorption constants. As shown in Figure 5 , the solid lines correspond to the best fit of equation (2). Table 4 lists the values of Q m and b that best fitted the data as well as the corresponding r value. From the latter values, it may be stated that the experimental data were well correlated (r > 0.992) by the Langmuir equation.
In general, the maximum Cu II adsorption capacities of the primary and secondary sludges were higher than that of the digested sludge although the specific surface area of the digested sludge (113 m 2 /g) was the highest among the three sludge samples studied (Table 1) . A reasonable explanation for this observation is that the original sludge surface (before conducting adsorption experiments) was already occupied by certain amount of metals, thereby limiting the available adsorption sites and consequently decreasing the maximum adsorption capacity. As shown in Table 1 , the amount of equivalent metal contained in the digested sludge (730 mequiv/kg) was indeed higher than that for both the primary (567 mequiv/kg) and secondary (488 mequiv/kg) sludges. Nelson et al. (1981) have described the equilibrium adsorption of metal on to sludge in terms of the following equation: where K A is a conditional adsorption equilibrium constant expressed in l/g, [M] is the equilibrium concentration of dissolved metal ions expressed in mol/l, {S} corresponds to the unoccupied sludge surface sites in g/l and [S-M] is the concentration of metal-sludge surface complexes in mol/l. The total sludge surface mass in g/l, which is equal to the sum of the unoccupied and occupied surface sites, may be written as S T which may be expressed as:
where X m is number of surface sites per unit mass of sludge expressed in mol/g. By substituting equation (4) into equation (3), it is possible to obtain:
When [S-M]/S T = q, X m = Q m and K A = Q m b, and so equation (5) may be treated as a form of the Langmuir isotherm. If the amount adsorbed is found to increase linearly with respect to the equilibrium free metal concentration, i.e., a linear adsorption isotherm, then K A = q/C e . It is noted that the Langmuir constants b and K A are conditional stability constants which are a function of the solution pH, the ionic strength, the sludge surface mass, the temperature and other competitive adsorption ions. The value of b provides a measure of the metal-binding strength; the K A value assesses the overall affinity (Alibhai et al. 1985) .
The values of K A as determined from calculations based on Nelson's model are listed in Table 4 . It will be seen that the value of b for the digested sludge was greater than those for the primary sludge and secondary sludge, indicating a greater adsorption binding strength for the digested sludge relative to the primary and secondary sludges. As shown in Table 4 , the overall affinity constant K A values for the different sludge types may be written in the order: primary sludge > secondary sludge > digested sludge.
Although the digested sludge exhibited the highest binding affinity for Cu II , the overall affinity turns out to be the smallest. A possible explanation is that the digested sludge contained significant initial amounts of Cu II and other metals which substantially affected the adsorption. In the case of Cu II adsorption on the secondary sludge, the K A value was found to be 117 l/g which differs from that reported by Nelson et al. (1981) who obtained a K A value of only 6.5 l/g at pH 6.0 and a sludge age ( c ) of 5 d.
Ionic strength is one of the key factors affecting the electrical double layer (EDL) structure of a hydrated particle. The data listed in Table 4 indicate that the values of Q m , b and K A varied inversely to the ionic strength. A reasonable explanation for this observation is that an increase in the ionic strength may decrease the thickness of the EDL, thereby resulting in a decrease in the adsorption capacity. The thickness of the EDL (1/m), 1/ , may be calculated from the relationship:
where I is the ionic strength (mol/l), F is the Faraday constant (96 500 C/mol), R is the molar gas constant [8.314 J/(mol K)], T is the absolute temperature (K), is the dielectric constant of water (78.5) and 0 is the permittivity in a vacuum [8.854 × 10 -12 C/(V m)]. For a 1:1 electrolyte (e.g. NaClO 4 ) at 26ºC, the above equation can be simplified to:
1 1 -= 0.304 × 10 -9 ---(7) I By application of equation (7), it is possible to determine the 1/ value. Figures 6 and 7 demonstrate that Q m and K A vary linearly with the thickness of the EDL.
The adsorption energy, G 0 (cal/mol), can be determined from the equation:
where R = molar gas constant [1.987 cal/(K mol)] and T = absolute temperature (K). The calculated values of the adsorption energy, G 0 , are listed in Table 4 . Thermodynamically, the negative value of G 0 indicates that the adsorption process is spontaneous and favourable towards Cu II ions adsorbed on to sludges. The magnitude of G 0 shows that the affinity of Cu II ions on to digested sludge (-7.65 kcal/mol) is higher than that on to both primary sludge (-7.48 kcal/mol) and secondary sludge (-7.45 kcal/mol) at an ionic strength of 2 × 10 -3 M. As mentioned above, the adsorption rate for digested sludge was also greater than that for primary and secondary sludges. The values of G 0 obtained in this study, which ranged from -7.24 to -7.65 kcal/mol, suggest that adsorption was a physical process which was enhanced by the electrostatic effect. As shown in Figure 1 , when the pH of the solution was greater than 2.8, the negatively charged sludge surface was favourable towards the adsorption of positively charged Cu II ions.
CONCLUSIONS
The adsorption of Cu II on to industrial wastewater sludges (including primary, secondary and aerobically digested sludges) was very fast with equilibrium being attained within 2 h. The kinetic adsorption data could be described by means of the modified Freundlich equation. The rate of Cu II adsorption decreased with increasing surface loading. Digested sludge exhibited a higher adsorption rate than primary and secondary sludges. The Langmuir adsorption isotherm described the equilibrium adsorption data for Cu II on to the various sludges quite well. The thermodynamic functions for adsorption indicate that the process was endothermic. Aerobically digested sludge exhibited a greater adsorption affinity towards Cu II than primary or secondary sludge. On the basis of the G 0 value, the Cu II adsorption binding strengths of the various sludge types lay in the following sequence: digested > secondary > primary. The values of G 0 obtained in this study ranged from -7.24 kcal/mol to -7.65 kcal/mol, suggesting that adsorption is a physical process enhanced by the electrostatic effect.
The results obtained also showed that the solution pH played a significant role in determining the adsorption characteristics. In general, the adsorption capacities decreased with decreasing pH. Marked Cu II removal was observed in the neutral to alkaline regions, which may be attributed to concurrent Cu(OH) 2 (s) precipitation alongside adsorption. Under acidic to neutral conditions, Cu II removal was controlled by adsorption with the major cationic copper species adsorbed being Cu 2+ ions and the minor species CuOH + . Even though sludges collected from an IWTP contained an appreciable amount of metals, the sludges were still capable of adsorbing significant amounts of Cu II . The maximum adsorption capacity towards Cu II was 41.5~59 mg/g, 36.5~50.5 mg/g and 17~25 mg/g for the primary, secondary and digested sludges, respectively, at ionic strengths of 2 × 10 -3~1 × 10 -2 M. In order to meet stringent effluent standards, the operating pH in an industrial wastewater treatment process should be maintained above 5.0 to ensure that soluble Cu II ions are fully removed by sludges. On the other hand, the possibility of creating a metal-laden sludge should be eliminated in order to avoid disposal difficulties in meeting the requirements of leaching standards. Because the original sludge samples collected from the industrial wastewater treatment plant in the present study exhibited a high content of heavy metals, this might not allow their land re-use as organic fertilizer or their direct disposal without proper treatment. Reducing all levels of soluble metal ions within incoming influents is probably the best policy for controlling the metal ion content in the IWTP process as well as limiting the occurrence of metal-bearing sludges.
